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Abstract— In this paper, an ultrathin transmissive half-wave plate 

based on a bi-layered zigzag metasurface operating at the lower-frequency 

edge of the THz spectrum is numerically and experimentally studied. The 

half-wave plate thickness is only 100 µm, less than λ/20 at the operation 

frequency and achieves an amplitude transmission efficiency over 90% 

and a cross polarization discrimination around 30 dB within a fractional 

bandwidth near 9%. A detailed analysis of the device robustness with 

respect to layer misalignments is carried out by designing and fabricating 

two additional devices with the maximum possible shift between layers 

along both transverse directions. The results show that the device is 

extremely robust relative to a misalignment along x and exhibits a 

frequency shift with misalignments along y, while keeping in all cases an 

excellent performance as a half-wave plate. The paper ends with a final 

study to ascertain a physical mechanism that explains the robustness of the 

device in regard to misalignments. These results complement and extend 

the reach of metasurfaces in the emerging terahertz band. 

 
Index Terms— circular polarization, electromagnetic radiation, 

half-wave plate, metasurfaces, terahertz radiation, polarizer. 

 

I. INTRODUCTION 

The unique electromagnetic response of materials in the terahertz 

(THz) band − 0.1-10 THz − as well as the noticeable progress in the 

techniques of THz generation and detection over the last decades has 

led to improving conventional and developing novel THz-related 

technologies. [1]. Advancement in THz instrumentation enabled 

elaborating numerous planar quasi-optical THz components such as 

flat lenses [2] or reflectarrays [3], tending towards more compact and 

lightweight devices.  
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Metasurfaces, the two-dimensional (2D) equivalent of 

metamaterials , are ideal candidates for high-efficiency quasi-optical 

THz components due to their capability of modifying locally the 

electromagnetic response within a subwavelength range [4], [5], 

facilitating device miniaturization in a fully planar geometry 

compatible with conventiona manufacturing techniques. These 

characteristics make metasurfaces very attractive for advanced wave 

manipulation devices, such as compact waveplates.  

Waveplates are the key components in photonics and modern optics, 

as they allow for a full control of the electromagnetic wave polarization 

of high relevance in some applications, e.g. communication systems 

[6]. Quarter-wave plates (QWP) are intended to convert a linear 

polarization to a circular one [7], [8]. Recently, a transmissive self-

complementary zigzag (ZZ) QWP metasurface working at microwaves 

was reported in [9]. This design exhibits interesting characteristics 

such as a high conversion efficiency, an experimental relative 3-dB-

axial-ratio (AR) bandwidth (BW) of 53% and high stability for oblique 

incidence. 

Another element for polarization control is the half-wave plate 

(HWP), designed to impose a phase shift of 180˚ between orthogonal 

linear polarization components at the output, having both components 

identical amplitude of the transmission coefficient (ideally, equal to 

unity). These devices find application in beam splitters for 

polarization-sensitive imaging applications [10] and have been 

revisited in the last few years by proposing designs based on 

anisotropic, bianisotropic and chiral metasurfaces [11]–[14]. Most of 

these designs are presented only in a theoretical way. 

Most examples of HWP working at THz found in literature operate 

in reflection mode [15] and [16]. HWPs working in transmission mode, 

which is more useful in practice, and in a compact format are in general 

more difficult to synthesize. The reason is the impossibility of 

achieving 100% of efficiency in transmission with a single-layer 

structure, since this requires simultaneous fine-tuning between the 

electric and magnetic response [17]. In [18], a HWP utilizing cut-wire-

pairs metasurfaces with two layers working in transmission mode was 

demonstrated. However, the polarization conversion efficiency was 

below 80% and the overall thickness was relatively high, around λ/10. 

In [19] a plasmonic metasurface HWP operating in sub-THz range was 

introduced achieving a broad band operation with an efficiency above 

80%. Finally, [20] and [21] study multilayer designs working in 

transmission with efficiencies near to 90% and thickness of λ/20 and 

λ/8, respectively, with an operation frequency around 10 GHz. 

In this paper, we get inspiration from the results of the ZZ-QWP 

discussed in [9] and extend them to widen the technological reach of 

the ZZ geometry with the goal of working in a band of technological 

interest nowadays and where the manufacturing and experimental 

characterization is more difficult than at other bands like microwaves. 

With this aim in view, we propose and demonstrate a new bilayer ZZ 

metasurface to obtain an ultracompact HWP device operating near 

150 GHz. The manufactured device achieves a conversion efficiency 
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higher than 90% with a thickness of λ/20 and a near-unity ellipticity of 

the output wave, ensuring quasi-perfect circular polarization 

conversion, improving results found in the literature both in efficiency 

and compactness.  

 

 
Fig. 1.  Schematic representation (left) and microphotograph (right) of the ZZ-

HWP unit cells corresponding to: (a)-(b) no-shifted, (c)-(d) x-shifted and (e)-(f) 

y-shifted structure. The shifted structures have maximum shift increments 

between layers for x- and y-axis, x = dx/2 and y = dy/2, respectively. The 

green and white dashed lines have been included to help the visualization of 

opposite metallic layers (dark strips). The pictures of the fabricated devices 

were taken with a Mitutoyo Hyper MF U176-402-43 microscope with 20X 

zoom and using the bottom light illumination to simultaneously observe both 

faces. 

II. DESIGN, SIMULATION AND EXPERIMENTAL RESULTS 

Three different ZZ metasurface HWPs were designed and 

manufactured (see the unit cells in Fig. 1). All the devices are designed 

with the same parameters w=20m, β=25 deg and s=60m (although 

manufacturing introduces some unavoidable errors) and consist of a 

bilayered ZZ-pattern made of aluminum strips with thickness 

ta = 0.55 µm separated by a thin flexible polypropylene (PP) film with 

permittivity 2.25 and thickness ts = 0.1 mm. PP was intentionally 

chosen as the substrate material due to its low dielectric losses 

(tan1×10-3) and low dispersion in the THz band [22]. In all the 

calculations, made with the commercial simulator CST Microwave 

Studio®, the aluminum conductivity was taken as 2.7×107 S/m, 

smaller than the DC nominal value in order to account for extra losses 

introduced by roughness. 

In the first design, hereinafter referred to as no-shift, the ZZ-patterns 

in both faces are parallel, and therefore they appear overlapped in the 

schematic representation of Fig. 1(a). Although inspired by the QWP 

presented in [9], the final design must inevitably deviate from a pure 

self-complementary geometry due to the fact that it is a bilayer 

structure and it has a PP spacer, two constraints that fall out of the 

Babinet’s theorem conditions. Therefore, a fine-tuning of the structure 

was mandatory to get a proper HWP operation around 150 GHz with 

the widest possible frequency bandwidth. This tuning was performed 

using the frequency domain solver of CST. A fine tetrahedral mesh 

with 134000 cells was used with a minimum and maximum edge mesh 

cell lengths of 0.48 m (0.000248λ0) and 286 m (0.14λ0) 

respectively. Unit cell periodic boundary conditions were defined 

along x- and y-axes and open space along z. The excitation was done 

with two Floquet ports using circular polarization modes. After this 

fine-tuning, the final parameters of the ZZ were obtained: width 

w = 20 m, gap s = 60 m, angle β = 25˚. The size of the unit cell was 

dx = 360 m along x-axis and dy = 260 m along y-axis.  

Having parallel ZZ-patterns is the best configuration for an optimal 

HWP performance, as shown below. An ideal HWP switches 

completely the polarization state of a circularly polarized wave at the 

input to the orthogonal polarization with maximum power transfer at 

the output. In the simulation results of Fig. 2(a), we get a maximum 

magnitude of the cross-polar transmission coefficient (TXP) around 

−0.7 dB whereas the magnitude of the co-polar transmission 

coefficient (TCP) falls below −30 dB, meaning an excellent 

polarization conversion at the design frequency. To evaluate more 

accurately the performance, we use herein the cross-polar 

discrimination (XPD), a parameter defined as the ratio between the 

cross- and co-polar transmission coefficient magnitudes: 

 

𝑋𝑃𝐷 = 20 log |
𝑇𝑋𝑃

𝑇𝐶𝑃
| = 20 log |

𝑇𝐿𝑅(𝑅𝐿)

𝑇𝑅𝑅(𝐿𝐿)
| (1) 

 

where the subscripts R and L refer to right-handed or left-handed 

circular polarization respectively. With this definition, it is clear that 

the design criterion for an HWP is to maximize the parameter XPD as 

much as possible. In the simulation curve of Fig. 2(b) a peak value of 

near 30 dB is obtained at the design frequency with a fractional 

bandwidth of 8%, where the bandwidth is defined as the frequency 

span where the XPD is above 10 dB. To corroborate experimentally 

the designed ZZ-HWP performance, three prototypes with non-shifted 

and shifted metasurface layers were fabricated by a photolithographic 

technology, see picture in Fig. 1(b). Prior to micro-patterning, the PP 

film was metallized from both sides via thermal deposition of 

aluminum in vacuum and the ZZ-pattern was created afterwards by 

using a contact photolithography technique, as described in [22]. 

 
Fig. 2. Transmission coefficient magnitude for the (a) no-shift, (c) x-shift and 

(e) y-shift cases. XPD for the (b) no-shift, (d) x-shift and (f) y-shift cases. In the 

legend, Sim. stands for simulation, Meas. for measurement, XP for cross-polar, 

CP for co-polar, Avg. for average, T for transmission coefficient and the 

subscripts R and L for right-handed and left-handed circular polarizations. 

 

The measurements were performed with the setup depicted 

schematically in Fig. 3. It consists of an ABmmTM millimeter-wave 

vector network analyzer (VNA) operating in the D-band of the 

millimeter-wave spectrum that extends from 110 to 170 GHz and 

equipped with a quasioptical bench. For the characterization, a 

vertically polarized Gaussian beam with high purity is emitted into free 

space by a corrugated horn antenna (TX) and a pair of elliptical mirrors 

collimates the beam at the sample location. The transmitted beam is 

then redirected by another pair of mirrors towards the receiving 

antenna (RX), which is also a corrugated horn. As we want to obtain 

the performance in a circular basis and the antennas are linearly 

polarized, the measurement procedure consists in doing first a 

calibration of the system by recording the free-space transmission with 

both TX and RX antenna vertically polarized. The HWP is inserted in 

two different configurations (0º and 90º) and two measurements are 

taken at each configuration by rotating the RX antenna 0º and 90º as 

well, in order to record the vertical and horizontal components, 

respectively. In this way, we obtain four linear transmission 

coefficients (Tuu, Tuv, Tvu, Tvv) in complex domain, that cover all linear 

co- and cross-polar scenarios, as represented in the insets. 
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The transmission matrix in a circular basis can be straightforwardly 

obtained from them by simply applying a basis transformation: 

 

𝑪 = (
𝑇𝑅𝑅 𝑇𝑅𝐿

𝑇𝐿𝑅 𝑇𝐿𝐿
) =

         
1

2
(

𝑇𝑢𝑢 + 𝑇𝑣𝑣 + 𝑗(𝑇𝑢𝑣 − 𝑇𝑣𝑢) 𝑇𝑢𝑢 − 𝑇𝑣𝑣 − 𝑗(𝑇𝑢𝑣 + 𝑇𝑣𝑢)
𝑇𝑢𝑢 − 𝑇𝑣𝑣 + 𝑗(𝑇𝑢𝑣 + 𝑇𝑣𝑢) 𝑇𝑢𝑢 + 𝑇𝑣𝑣 − 𝑗(𝑇𝑢𝑣 − 𝑇𝑣𝑢)

)  (2) 

 

An ideal HWP should have TRR = TLL = 0 and TRL = TLR = 1 that 

correspond to Tuu = −Tvv = 0 and Tuv = Tvu= 0. However, in practice 

these conditions are fulfilled only approximately. The matrix C relates 

the fields at the input and output in a circular polarization basis: 
 

(
𝐸𝑅

𝑜

𝐸𝐿
𝑜) = 𝑪 (

𝐸𝑅
𝑖

𝐸𝐿
𝑖
).         (3) 

 

where E is the electric field and the superscript i and o stand for input 

and output, respectively. Thus, to get the most complete 

characterization possible, below we present the results by assuming 

analytically a right-handed and left-handed circularly polarized wave 

at the input. This means that for the co-polar transmission coefficient, 

we will consider both TRR and TLL, obtained in complex domain and 

from them we will calculate an average of them, expressing the 

resulting magnitude in dB and denoted as CP Avg. in the plots. 

Likewise, for the cross-polar transmission coefficient we will consider 

both TRL and TLR (also in complex domain) and from them we will 

calculate an average value, expressing the resulting magnitude in dB 

and denoted as XP Avg. in the plots. As a side comment, note that the 

calculation of an average is important because, as it will be seen, there 

are some curves that reach values slightly above 0 dB (obviously, 

unphysical).  

Moreover, an obvious discrepancy in TRL and TLR transmission 

coefficients occurs, being more remarkable in the y-shift case, for 

instance, where a difference of almost 5 dB is obtained. This can be 

attributed to experimental errors such as system position 

misalignments (the rotation of the RX antenna and the sample were 

done manually) and noise. Also, as TRL and TLR are calculated from Tuu, 

Tuv, Tvu, Tuv, (complex coefficients), small phase errors in these linear 

coefficients due to thermal deviations in the VNA can have a big 

impact in the results. Normally, the measurements are fast and this is 

not a big problem. However, in the present case for a fixed sample 

position, two different measurements are performed, co- and 

crosspolar by rotating the RX antenna. The calibration is done with 

antennas in copolar position. The rotation of the RX antenna for the 

crosspolar characterization requires some manipulation time, which 

might be critical as it can introduce some unavoidable thermal 

deviation of the VNA in this extremely sensitive measurement.  

Furthermore, the quasioptical bench plate can have different effect 

on vertical and horizontal polarization, which is usually negligible 

thanks to the focusing mirrors that guide the Gaussian beam. However, 

it could happen that the sample expands the beam so that it effectively 

“sees” the ground plane below, leading to a different response under 

vertical or horizontal polarization. All these factors can add together 

leading to a discrepancy between TRL and TLR. Nevertheless, a 

systematic series of measurements were performed until we found that 

by averaging, the results were consistent with simulations. As a double 

check, we measured the cross-polar transmission isolation (in linear 

polarization, i.e. with TX and RX antennas in orthogonal positions) in 

absence of DUT and found that it is reasonably low (below 25 dB). 

Likewise we characterized the magnitude and phase response with 

antennas parallel and found negligible variation in the measured 

spectrum (not shown). 

Following the method described, we obtain the rest of the curves 

shown in Fig. 2(a). Both cross-polar components TLR (solid blue) and 

TRL (solid green) reach a peak at the operation frequency and their 

average value XP (solid red) shows outstanding agreement with the 

simulation. Regarding the copolar components TRR (dashed blue) and 

TLL (dashed green), both exhibit a clear dip around the operation 

frequency and the average value CP (dashed red) almost coincides 

with the simulated curve. This excellent performance is corroborated 

in the XPD results of Fig. 2(b). Again, there are two cases to consider: 

assuming right-handed (blue) or left-handed (green) polarization at the 

input. The XPD is calculated as appears in the rightmost term of (1) in 

either case.  

 
Fig. 3. Schematic of the experimental setup. The insets show two ZZ-HWP 

configurations. For both configurations, the linear transmission coefficients are 

obtained with both TX and RX antennas parallel to y and with the TX antenna 

parallel to y and RX antenna parallel to x.  

 

An obvious peak near the operation frequency is obtained in both 

left and right cases, manifesting excellent concordance with the 

simulation curve, with a maximum value that almost reaches 40 dB. 

This value, higher than theoretical one, is obtained by using XP and 

CP average magnitude values (drawn in red solid and dashed lines 

respectively in the leftmost graphs of Fig. 2), but each of the 

measurement values is lower, around 30 dB, so it could be a fortunate 

effect of the selected averaging method. Therefore, we take as a 

realistic performance an XPD of around 30 dB. Thus, from the 

previous analysis we can affirm that the no-shift design has an 

excellent behavior, with very low experimental insertion loss (< 1 dB) 

meaning a circular polarization conversion efficiency around 90%, 

high XPD (̴ 30 dB) and large fractional bandwidth ( ̴ 8.3%). To offer a 

more detailed view, the main performance parameters are summarized 

in Table I.  

III. ROBUSTNESS ANALYSIS WITH MISALIGNED DEVICES 

Even though the previous results are encouraging, we know that the 

manufacturing process can introduce some inevitable deviations, 

amongst which the alignment between layers is especially relevant, as 

the microphotograph of Fig. 1(b) reveals. As demonstrated in the 

previous section, those small imperfections were not important and did 

not deter the ZZ-HWP behavior from the simulation results. 

Nevertheless, as a proper layer alignment might be time-consuming in 

a massive production, we evaluate now the robustness of the device 

against misalignment. We test two additional designs considering the 

worst case of maximal shifting along x- and y-directions, shown in Fig. 

1(c), (d) and Fig. 1(e), (f), and hereinafter called as x-shift and y-shift, 

respectively. Concentrating first on the x-shift design, one can notice 

the robustness of the ZZ-HWP with respect to misalignment errors in 

this dimension: both the simulation and experimental results are nearly 

coincident with those of the no-shift prototype studied above. As 

before, the average measurements almost overlap with the simulation 

curves, as shown in Fig. 2(c). Similarly, the average XPD value reaches 
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a high peak at the operation frequency with a maximum value of 

approximately 30 dB, low insertion loss (< 1 dB) and a fractional 

bandwidth near 8%. A detailed analysis to explain the robustness with 

respect to a shift in the x-direction is carried out in the next section.  

In contrast, when the misalignment is applied in the y-direction, the 

response of the ZZ-HWP is severely affected, see Fig. 2(e). The main 

spectral change observed is a frequency upshift of the optimal 

polarization conversion, that now takes place near 160 GHz, i.e. a 

deviation of 6.4% with respect to the design frequency. Nevertheless, 

the device still works well as a HWP, with experimental insertion 

losses below 1 dB, a maximum XPD larger than 35 dB and a fractional 

bandwidth of 14%. The reason for this change is studied in the next 

Section. The most representative values for every model are displayed 

in Table I. A comparison of the present structure with other recent 

works of HWP based on metasurfaces is presented in Table II. As 

observed there, the ZZ-HWP has an excellent XPD value as well as a 

broad operation bandwidth, a remarkable result for a device operating 

in transmission. In addition, the structure is extremely compact. 

IV. PHYSICAL OPERATION: FIELD ANALYSIS 

Now, we analyze in detail the reason why the structure has a strong 

robustness with respect to a shift in the x-direction but it is more 

sensitive to a shift along y. We start the numerical analysis by 

performing two parameter sweeps: varying x and y from zero (fully 

aligned) to the maximum misalignment value, dx/2 or dy/2, 

respectively, assuming circular polarization.  

 
Fig. 4. Simulated XPD for several misalignments: (a) x and (b) y. 

 

 
Fig. 5. Simulated vertical polarization transmission coefficient for various (a), 

(c) x and (b), (d) y cases. Top and bottom panels show magnitude and phase, 

respectively. 

 

From the results, presented in Fig. 4, we can deduce that the HWP 

operation frequency increases in both cases, but the effect is 

considerably stronger for y. To understand this dissimilar behavior, 

we carry out a field analysis in linear components, considering both 

linear polarizations. Thus, under vertically polarized excitation, the 

device is largely transparent with a transmission coefficient magnitude 

close to 0 dB in the entire frequency span and a phase near 0º at the 

operation frequency, see Fig. 5. As observed there, the response is 

almost insensitive to x and presents some negligible dependence on 

y, with a variation in magnitude of less than 0.2 dB and in phase of 

less than 5º at the operation frequency. 
 

 
Fig. 6. Simulated horizontal polarization transmission coefficient for various 

(a), (c) x and (b), (d) y cases. Top and bottom panels show magnitude and 

phase, respectively. 

 

 
Fig. 7. Cross-sectional view (y-z plane as shown in the leftmost inset) of the 

instantaneous magnetic field (represented as arrows) for (a) no-shift, (b) x-shift 

and (c) y-shift designs at the respective operation frequency. 

 

      
Fig. 8. (a) Front (top) and back (bottom) views showing the cross-section (no-

shift case) where the electric field is evaluated. The cross-sectional view (y-z 

plane) of the instantaneous electric field (represented as arrows) at the 

maximum XPD frequency for (b) no-shift, (c) different x and (d) different y 

cases. ZZ vertices and the strip cross-sections have been highlighted with red 

circles and straight segments to aid with the interpretation, following the 

scheme shown in (a). 

 

In contrast, the response with horizontal polarization is also almost 

insensitive to x but demonstrates a marked variation with y, as can 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TAP.2020.2993308

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



5 
 

be inferred from the simulated transmission coefficient in Fig. 6. In all 

cases, there is a peak in the magnitude that happens near but not exactly 

at the point where the phase is 180 deg and whose location depends 

strongly on y. Overall, from this initial analysis, it is clear that the 

horizontal polarization component is the main responsible for the 

performance of the misaligned ZZ-HWP. Thus, hereafter we fix the 

attention to this case. 

As observed in Fig. 8(c), when x is varied, the electric field lines are 

nearly identical to the no-shift case. This suggests that this 

modification still allows an electric coupling between layers in a 

similar way as the ideal case. As a consequence, the operation 

frequency remains almost unmodified, probably due to a similar value 

of the capacitance between layers. However, when the misalignment 

is applied along y, the electric coupling is strongly affected and, in fact, 

the electric field in the dielectric spacer differs substantially from the 

initial no-shift case. From the plots in Fig. 8(d), it can be concluded 

that the electric coupling and hence the capacitance between layers 

diminishes. This explains the upshift of the operation frequency. 

V. CONCLUSIONS 

To sum up, in this paper we have analyzed in detail the performance 

of the ultrathin transmissive HWP based on a bi-layered ZZ 

metasurface designed for operation at 150 GHz. Having the thickness 

of λ/20, the fabricated device revealed excellent agreement with the 

numerical simulations, reaching a maximum transmission coefficient 

magnitude of −0.78 dB (i.e. the polarization conversion efficiency is 

over 90%), and an XPD  ̴ 30 dB, with a fractional bandwidth near 9%.  

The robustness of the device with respect to possible misalignments 

between layers introduced in the manufacturing process has been 

analyzed in detail. From the analysis performed, it has been clarified 

that the response is extremely robust with regards to a shift along the x 

direction whereas it varies more considerably with a shift along the y 

direction. It is worth noting that even in the worst case, the 

performance of the device as a HWP still remains excellent although 

shifted in frequency.  

A subsequent study has clarified that the response is very stable for 

any misalignment under linear vertical polarization excitation, but it is 

very dependent to misalignments along y under linear horizontally 

polarized excitation. We have ascertained that this is due to the strong 

electrical coupling between layers, whose field distribution has a 

strong dependence on a shift along y.  

The results of this work extend and complement other approaches 

to develop polarization conversion devices, in a compact realization 

and with excellent performance, such as low insertion losses and a 

relatively broad bandwidth. Moreover, the analysis presented here is 

general and could be extended to other frequency ranges such as 

microwaves or infrared by properly rescaling the geometry parameters 

of the metasurface. 
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